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It’s time to wake up!!

mailto:doug.wicks@hq.doe.gov
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What am I going to talk about?

‣A bit about ARPA-E

‣A peek into the abyss

‣A look at white spaces for 
those who are not faint of 
heart

https://elements.visualcapitalist.com/a-lifetimes-consumption-of-fossil-fuels-visualized/

Visual Capitalist

https://elements.visualcapitalist.com/a-lifetimes-consumption-of-fossil-fuels-visualized/
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Most importantly
‣I’m here to start a conversation
‣I don’t have the answers
‣But do know
–Business as usual won’t cut it and
–My generation isn’t going to solve 

the problem
‣I’m looking for your bold suggestions
Btw - This is not an official view of the 

DOE or ARPA-E

It’s time to wake up!!
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Who, what and how do we fund?

Who?
• Academics, big companies, small 

companies, National Labs

What?
• Transformative projects

How?
• CRADAs through programs
• Grants through special topics
• SBIR/STTR (we call SEED)



THE ABYSS
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The Climate
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Could T depend on [CO2 ] ?

August 1975 !!



CO2 and 2ºC



We have the Tech for Clean Energy



So, what’s wrong?

10It’s time to wake up!!
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In the Beginning…

There are mountains 
and rocks Then comes everything 

for the energy transition



— Daniel Yergin

We need to move 
“from BIG Oil 

to BIG Shovels"



Metals required for EV’s and Clean Energy

Global Energy Use
170,000 TWh

Globally 
>1,000,000,000 cars
>400,000,000 trucks



Another Challenge: will hydrogen meet the moment?

14International Energy Agency. The Future of Hydrogen Seizing Today’s Opportunities. June 2019.

H2
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N2

70 Mt per year

1.5% global emissions

2% global primary energy 
demand

Today
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Overhauling an entire industry in 30 years…

15International Energy Agency. The Future of Hydrogen- Seizing Today’s Opportunities. June 2019. Hydrogen Council. Hydrogen Scaling 
Up. November 2017.

Doubling 
Historical Annual 

Growth Rate

1/5 global CO2 emissions to 
be stored for blue hydrogen

> 3 TW renewable energy 
capacity for green hydrogen
+ basically all of the 
platinum group metals we 
know of
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Some might say "why can't we just dig more?"

Easy stuff has been mined
Ore is lower quality

Local & regional ecosystem fragility
Community willingness to host

Societal avoidance of resource extraction
... and demand for resource-rich technology
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The US Not a Player

17Enhanced Mineral Recovery

Manganese 100%

Rare Earths 100%

Vanadium  94%

Cobalt  78%
>90% of base metal is 

imported

Magnesium  52%

Nickel 47%
*100% of class 1 nickel is imported

USGS 2021 Mineral Commodity Summaries 2021 (usgs.gov)

Lithium  25%

Maximum US
Reliance on

Oil/Gas Imports
Was 30% in 2005

*100% of battery grade

https://pubs.usgs.gov/periodicals/mcs2021/mcs2021.pdf


From
Simon Michaux - GTK

LOG 
SCALE!



Mining – How much are we talking about?

https://www.visualcapitalist.com/all-the-metals-we-mined-in-2021-visualized/
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How much do we have to dig?

The metal we want

Unprocessed
waste rock

Tailings and Slags

Concentration in 
processed ore

[Cu] - < 1%
[Ni] - <1%

[PGE] - <10 ppm
[Gold] - <10 ppm



How much 
do we dig 
for our 
metals?
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https://www.wired.com/2014/09/these-giant-copper-orbs-show-just-how-much-metal-comes-from-a-mine/



Mining – How much how 
much waste?

1 Bt of Cu=100+Bt of ore

= 99+ Bt of tailings

and ?? Bt of waste rock

https://elements.visualcapitalist.com/visualizing-the-size-of-mine-tailings/



THE 
FUTURE
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What do we need to do?

▸Just doing more of the 
same is not an option 
– Environmental impact
– Ore bodies
– No social license

▸What the future must deal with?
– Environment
• GHG footprint of mining
• Dealing with wastes

– Economy
• High energy usage
• Use low quality ores

– Society



Leveraging Accelerated CO2 Mineralization

Note this is an active ARPA-E program
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Mineralization is a Natural Process that Sequesters CO2

Nature’s way takes 
WAY TOO MUCH time
– literally eons
• Basically reaction of 

ambient CO2 and 
water with rocks

• Locks CO2 away as 
stable carbonates

http://butane.chem.uiuc.edu/pshapley/Environmental/L29/2.html
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How Improved Element Extraction Will be Accomplished

‣Convert components of low-grade ores containing ER elements from harder to 
process forms to easier forms

‣ Easier mineral classification and beneficiation
‣ Reduced energy needs
‣Different chemical pathway(s) for element liberation
‣ Potential additional products

28Enhanced Mineral RecoverySeptember 22, 2021

NiX = ferro nickel (35% Ni, 65% Fe), nickel oxides (NiO), pure nickel. NiO thermodynamically favorable over NiCO3

Mg2SiO4 2CO2 2MgCO3 + SiO2

NiSiO3 NiX + [byproducts]CO2

CO2 Mineralization

Energy-Relevant 
Element Form 
Change

Ore has a lot of this

Ore has a little of this

Demonstrative reactions in olivine ore…



MINER Summary
Program Goals: 

• Develop net GHGe negative 
technologies that utilize the 
reactive potential of CO2-reactive 
ore bodies

• While decreasing comminution 
energy and

• Increase the domestic supplies 
of critical metals 

Increase Beneficiation Efficiency

Carbonates 
are easier to 

grind

Gigatons of 
stable CO2

storage 
potential

Carbonation, 
critical 

metal, and 
storage 

potential

Gigatons of 
metals from 
CO2-reactive 

minerals

Increase Metals
Carbon 

Sequestration

CO2

Ex. olivine

(Mg, Fe, Ni)2SiO4

Modeling
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Excavate Ore

Carbonate 
ore

Mineral 
Beneficiation

MINER Summary (cont’d): Ex. of Net Negative Process Flows

Carbonate 
Ore

Excavate OreMineral 
Beneficiation

Example: In Situ Example: Ex Situ



Impact of Carbonation

‣Improved operations
– Comminution
–Mineral recovery

‣Sequestration of CO2 = Scope1/2/3

‣Stabilization of process waste
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https://pubs.rsc.org/en/content/articlelanding/2013/ra/c3ra44007a



Valorizing Everything that is Extracted
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Perhaps take hike to a tailings pile?

What is in the tailings pile?

For Cu – typically Ca/Mg/Fe/Al/Si

All stuff that is mined somewhere else



We need methods for mineral fractionation

‣All of the elements in a tailings 
pile are mined elsewhere

‣Can you imagine treating it like 
an oil refinery? Valorizing every 
atom and molecule

‣If we stack value, like a refinery, 
does it release the full value?

34

Ore “Distillation”



Impact of Using Everything

‣No tailings

‣Not digging another hole for 
something that is recovered

‣Stacking of value to maximize 
return from the operations

35

Ore “Distillation”



Precision In-situ Mining 

36
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Inspiration from Laparoscopic and Arthroscopic Surgery

Laparoscopy - a surgical procedure in which a fiber-optic 
instrument is inserted through the abdominal wall to view 
the organs in the abdomen or to permit a surgical 
procedure

Arthroscopy (ahr-THROS-kuh-pee) is a procedure for 
diagnosing and treating joint problems. A surgeon inserts 
a narrow tube attached to a fiber-optic video camera 
through a small incision — about the size of a buttonhole. 
The view inside your joint is transmitted to a high-
definition video monitor.
\



Drill down to ore body and remove only what one wants

38

‣Drill down to the ore of interest
– Btw, you need to know where it is…

‣Remove the metal
– In situ leach or
– Dissolve and pull or
–Mechanically pulverize

https://miningzimbabwe.com/no-more-digging-a-new-environmentally-friendly-way-of-mining/
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A more elaborate approach
From Doug Hollett
US DOE
Private Communication



Impact of Precision Extraction

‣No removal of overburden

‣No big hole to be filled

‣No humans in the subsurface

‣Minimized impact on aquifers

40



Harnessing Geologic Hydrogen

41



Maybe you should be interested in Old Faithful?
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hydrothermal aquifer(s) (White et al., 1971; Fournier et al.,
1976). Condensation of SO2 with water at high temperature is
thought to result in its disproportionation, leading to produc-
tion of sulphate (SO4

2−) and sulphide (H2S) (Nordstrom et al.,
2009). Heat induced pressure and density differences cause
the hydrothermalwater to ascend and infiltrate the crust along
fissures and fault lines where it can be further altered by pro-
cesses such as water-rock interaction, decompressional boil-
ing, and mixing with near-surface groundwater (Nordstrom
et al., 2009; Lowenstern et al., 2012).
Of paramount importance to the development of chemi-

cal variation in hot springs is decompressional boiling
that is thought to separate subsurface hydrothermal
water into a liquid phase enriched in conservatively
behaving constituents [e.g., chloride (Cl−)] and a vapour

phase enriched in volatile constituents such as H2S
(Fournier, 1989; Nordstrom et al., 2009). The vapour can
migrate towards the surface where it can condense and
interact with oxygen (O2)-rich meteoric fluids. Near-
surface oxidation of H2S with O2 to SO4

2− and protons
(H+) results in the acidification of waters (Fournier, 1989;
Nordstrom et al., 2004; Nordstrom et al., 2005), a pro-
cess suggested to be mediated primarily by microbial
activity (Colman et al., 2018). Thus, in this model of hot
spring formation, springs with vapour-phase-influenced
source waters tend to be enriched in SO4

2− and are often
acidic to moderately acidic pH, whilst hot springs with
liquid-phase-influenced source waters tend to have lower
concentrations of SO4

2−, are enriched in Cl−, and are
circumneutral to alkaline in pH.

Fig. 1. Map of Yellowstone National Park (YNP). A. Map of YNP constructed with geothermal, road and geology reference layers. Quaternary pla-
teau rhyolite (Qp) is indicated. Other lava flows and rock types corresponding to the geological map are reported previously (Christiansen, 2001)
and are not defined here. The probable inner and outer caldera rim delineating the margins of the ring-fracture zone are indicated. Geology, cal-
dera rim, and road reference layers are from the United States Geological Survey Geographical Information Systems (USGS GIS) database.
Other geology reference legend and rock type information is from the USGS GIS database (Christiansen, 2001). Dot size indicates mole percent
hydrogen [H2 (mol%)] in hot spring waters relative to all other gases (H2O free). Gas data and layers modified from USGS GIS database
(Bergfeld et al., 2014). B. Inset map of partial Madison Plateau geothermal area including the Smokejumper (SJ) hot springs area. Geology refer-
ence layers are the same as in A (Christiansen, 2001). Location of SJ sites 1, 2 and 3 are plotted as small blue circles.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology

2 M. R. Lindsay et al.

‣High concentrations of H2
found in Yellowstone 
thermal zones

‣Geyser water is basically 
saturated with H2.  Higher 
concentrations in the head 
space.

‣Diverse community of 
hydrogen consuming 
extremophiles 

Environ Microbiol 2019 Oct;21(10):3816-3830



Whence Hydrogen from the Earth
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‣Very complex chemical 
cycles

‣ Both Fe(II) oxidative and 
radioactive sources in 
play

‣ This fits conventional 
wisdom that  high 
pressure and 
temperatures required.

homology alone. The same is true for [FeFe]-hydroge-
nases, and only in rare cases can enzyme directionality
be inferred based on homology at the primary sequence
level [described below, (Therien et al., 2017)]. Nonethe-
less, inclusion of group 4 [NiFe]-hydrogenase and
[FeFe]-hydrogenase homologues in this calculation does
not change the overall pattern of enrichment of hydroge-
nase protein homologues in this spring type (Fig. 4). Col-
lectively, these observations suggest a link between the
geological processes that generate H2 and lead to its
enrichment in springs and the distribution of microorgan-
isms that are adapted to take advantage of H2 as an
electron donor to fuel metabolism in these springs.

To further investigate the link between H2 and micro-
bial function, three hot springs in the SJ hydrothermal

area (i.e., SJ1, SJ2 and SJ3; Fig. 1B) with conditions that
exclude phototrophic organisms (Boyd et al., 2012) were
sampled. These springs were sampled since they have
previously been shown to have the greatest H2 abun-
dances measured in YNP (Bergfeld et al., 2014). Waters
from SJ1, SJ2 and SJ3 spanned a range of temperatures
(81.7!C, 81.5!C and 61.9!C respectively) and pH (6.5,
7.6 and 5.4 respectively). Ratios of Cl− to SO4

2− were
low in the three SJ hot springs (Supporting Information
Fig. S2A), suggesting that they comprise meteoric water that
has been infused with vapour phase gas (Nordstrom et al.,
2009) (Supporting Information Table S2). Consistent with
this interpretation, the δ2H─H2O and δ18O─H2O values for
the three SJ hot spring waters (Supporting Informa-
tion Fig. S2B) indicate that they are more depleted than most
YNP spring waters (Nordstrom et al., 2009) and plot
closer to hydrothermal vapour condensates [e.g., vapour

Fig. 4. Prevalence of hydrogenase protein encoding gene homo-
logues among 50 chemosynthetic community metagenomes from
YNP hot springs plotted as a function of spring pH. Black dots depict
the prevalence of homologues of the catalytic subunits of group
1 and 3 [NiFe] hydrogenase that are inferred to be physiologically
biased towards hydrogen uptake or that are bidirectional (exhibit
minimal bias). Total homologues were summed from total Kyoto
Encyclopedia of Genes and Genomes (KEGG) KEGG Orthology
(KO) annotations across all available hydrogenase KEGG KOs for a
given metagenome, followed by normalisation to the total number of
KEGG KO annotations within each metagenome. KO annotations for
group 2 [NiFe]-hydrogenases are not in the KEGG database and
homologues of these protein encoding genes were therefore not
included in this calculation. Grey dots indicate the same data as the
black dots, with the addition of homologues of catalytic subunits of
group 4 [NiFe]-hydrogenases and [FeFe]-hydrogenases as a metric
of total hydrogenase abundance in metagenomes. Data points for
each spring are connected by a line; springs where grey dots are not
visible indicate that those metagenomes did not encode a substantial
number of group 4 [NiFe]-hydrogenase or [FeFe]-hydrogenase
homologues. Additional details for the metagenome data set are pro-
vided in Supporting Information Data set S1. Abbreviations: H2ases,
hydrogenases; NMC, Norris-Mammoth Corridor; SJ, Smokejumper
hot springs, HSB, Hot Spring Basin.

Fig. 3. Schematic summarizing a conceptual model of interactions
between subsurface crustal minerals and water leading to production
of gas in hydrothermal fluids, developed based on geochemical and
isotopic proxies (Fig. 2). In this model, interaction between water and
crustal minerals yields hydrogen (H2) and interaction between H2

and carbon dioxide (CO2) yields methane (CH4).
3Helium (3He) is

sourced from the mantle whilst 4He is produced by α-decay of ura-
nium (U) and thorium (Th) that can occur anywhere in the crust. Sub-
surface hydrothermal fluids (recharged by meteoric water) undergo
decompressional boiling during their ascent to the surface and parti-
tion into a vapour and a liquid phase. Vapour phase influenced
springs have low concentrations of non-volatilizing ions such as chlo-
ride (Cl−) but are enriched in hydrogen sulphide (H2S), sourced from
disproportionation of volcanic sulphur dioxide (SO2). The oxidation of
H2S with oxygen (O2) in near-surface waters leads to increased sul-
phate (SO4

2−) concentrations (low Cl−/SO4
2− ratios) in vapour phase

influenced springs. Liquid phase influenced springs are enriched in
non-volatilizing ions (e.g., Cl−) but not in H2S, the primary source of
SO4

2− in spring waters, leading to high Cl−/SO4
2− ratios in spring

waters. He, H2 and CH4 gases sourced from the mantle and the
crust (Fig. 2) partition into the vapour phase during boiling and thus
are enriched in springs in hydrothermal areas that are at higher ele-
vation (Supporting Information Fig. S1) and in areas with highly frac-
tured bedrock (as indicated by grey hashes) that allow for vapour to
rise more easily, characteristics that enhance separation and con-
centration of gases respectively.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology

Source and fate of hydrogen in hot springs 5

Environ Microbiol 2019 Oct;21(10):3816-3830



Geologic Hydrogen
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>2.6 x 1015 tons H2 Potential

Most potential

H2 resources likely “infinite” relative 
to human usage. 

Reservoirs could be explored and 
potentially stimulated to produce 

zero-emissions H21, 2, 3 in-situ.

1: Larin 1993
2: Zgonnik 2020

3: Moretti et al., 2021

Millions of billions of tons



Example: In-situ Mineralization

45December 15, 2022

Serpentinization Basics
• Serpentinization occurs in mafic-ultramafic 

rock
• The most common rock type in earth’s crust

• Ultramafic rocks have low Si activity, and the 
activity of oxygen is prevented from 
dropping to very low values by the fayalite 
(olivine)-magnetite-quartz buffer

• Under these conditions water is capable of 
oxidizing Fe2+:

3Fe2+2SiO4 + 3H2O -> 2Fe3+2Fe2+O4 + 3SiO2 + 2H2
olivine                 water                magnetite               quartz   hydrogen

45

Geologic Cross-Section of Anthropogenic In-Situ Serpentinization

Reservoir rock (before stimulation)
olivine (Mg, Fe2+)SiO4 + pyroxene 

(Mg, Fe2+)2SiO6 

Reservoir Conditions
reducing conditions

~200 ˚C
~10 MPa

Conduit providing water

H2 Recovery



So, why connect H2 to mining?

‣Well, it involves rocks
‣Avoids mining other things
– Platinum Group Elements
–Materials for e- generation
–Materials for the grid+storage

‣GeoH2 is a primary fuel NOT an 
energy carrier.

48



What else is needed to solve this massive problem?
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‣Finding what’s in the ground

‣Drilling deep, fast and cheap

‣Deep earth engineering

‣Ability to fracture rock with accuracy

‣Water management techniques!!!!

Water-free processes?

‣Mine restoration/remediation 

‣And much more



So, what are 
your bold 
solutions?

It’s time to wake up!!




